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Abstract:  Pre-breakdown  (leakage)  and  breakdown  currents  and 
photon-emission  associated  with  the  currents,  under  impulse 

(0.36/10  ps)  voltage  stress,  along  high  purity  (p>30  KQ  cm)  sili¬ 
con,  with  and  without  gold  end  contacts  in  vacuum  (~10~6  Torr), 
are  discussed.  Three  distinct  phases  leading  to  the  breakdown 
condition  are  observed.  These  are  one-carrier  (hole)  leakage 
current,  two-carrier  (electrons  and  holes)  current,  and  complete 
surface  flashover  processes.  The  onset  of  photon-emission  coin¬ 
cides  with  the  onset  of  two-carrier  current.  The  temporally  resolved 
one-carrier  leakage  current  (ohmic  or  charge  injection  dominated) 
and  photon-emission  data  show  that  there  is  a  certain  threshold 
leakage  current  which  initiates  the  rest  of  the  processes. 


INTRODUCTION 

Photoconductive  switches  have  the  potential  to  operate  as  ideal 
switches  in  many  pulse  power  applications.  However,  surface 
flashover  along  photoconducting  materials  is  presently  the  limiting 
factor  in  pulsed  high  voltage  devices  using  such  materials  in  their 
ability  to  reach  voltage  hold-off  levels  approaching  their  intrinsic 
breakdown  strengths.  At  present,  the  dominant  parameters  which 
contribute  to  the  flashover  mechanism  have  not  been  identified.  As 
a  consequence,  the  purpose  of  this  investigation  is  to  identify 
experimentally  the  dominant  parameters  that  contribute  to  the  pulsed 
surface  flashover  in  vacuum  along  high  purity  silicon. 


EXPERIMENTAL 

The  experimental  details  are  given  in  references  1  and  2.  Tests  are 
carried  out  in  a  stainless  steel  vacuum  chamber,  evacuated  to  10~6 
Torr.  Impulses  (0.39/10  ps)  are  applied  across  a  high  purity  silicon 
sample  (resistivity,  p>30  k£2  cm)  in  the  form  of  a  circular  cylinder 
with  25  mm  diameter  and  10  mm  height.  Samples  are  lightly  doped 
(0.02  PPB)  with  Boron  (p-type).  Two  different  types  of  contacts 

are  tested:  gold  end  contacts  (1  pm  thick)  and  no  contacts  (plain 
silicon  end),  i.e.,  the  specimen  makes  plain  butt  contacts  with  the 
electrodes,  made  of  stainless  steel.  Voltage  waveforms  are  moni¬ 
tored  by  an  E-dot  voltage  probe.  A  Rogowski  coil  and  a  50  Q 
current  viewing  resistor  (CVR)  are  used  to  monitor  the  breakdown 
and  pre-breakdown  currents,  respectively.  A  photo-multiplier  tube 
(PMT  -  160  nm  to  650  nm)  is  used  to  observe  high  energy  (>1.91 
eV)  photon  emission. 

results 

Fig.  1  shows  a  typical  waveform  of  the  three  distinct  processes 
leading  to  surface  flashover  of  a  high  purity  silicon  specimen  with 
gold  contacts.  Each  of  the  distinct  phases  is  indicated  in  the  figure 
by  I,  II,  and  III. 

The  first  process  (interval  I)  represents  the  pre-breakdown  conduc¬ 
tion  stage  and  will  be  called  phase  I.  Phase  I  can  be  seen  without 
subsequent  II  and  III  processes  at  voltages  below  breakdown. 
During  this  phase,  the  current  reveals  three  different  characteristics 
depending  on  the  type  of  end  contacts:  ohmic  dominant  current  or 
charge  injection  [space  charge  limited  (SCL)]  dominant  current  for 
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Fig.  1  Three  distinct  processes  leading  to  flashover  along  high 
purity  silicon  with  gold  contacts.  (V  =  8.85  kV  peak, 

I  =  136  A  peak,  and  PMT  =  22.6  x  1(L6 1m  peak) 

A  =  onset  of  photon  emission 
B  =  onset  of  phase  II 


specimens  with  gold  end  contacts  [1],  or  pure  charge  injection  (or 
pure  SCL)  for  specimens  with  no  end  contacts  (plain  silicon  ends) 
[2]. 

In  the  ohmic  dominant  phase  I  domain,  the  leakage  current  and 
applied  impulse  voltage  do  not  show  any  time  delay  between  their 
peaks,  as  shown  in  Fig.  2.  The  current  peak  exhibits  a  linear 
dependence  on  voltage.  With  the  ohmic  dominant  leakage  current, 
no  photon  emission  was  detected  with  the  PMT.  This  type  of  phase 
I  behavior  was  generally  observed  for  a  specimen  with  gold 
contacts,  prior  to  any  breakdown. 

In  the  SCL  dominant  phase  I  domain,  the  leakage  current  peak  is 
delayed  by  about  4.5  |xs  from  the  applied  voltage  peak  as  shown  in 
Fig.  3.  This  current  peak  exhibits  a  square  dependence  on  the  volt¬ 
age  peak  (V2).  Occasional  photon  emission  is  detected  by  the  PMT 
in  this  phase.  Ohmic  current  can  be  observed  at  the  initial  front  of 
the  SCL  dominant  current  waveform.  Hence  this  charge  injection 
dominant  current  can  be  considered  as  a  superposition  of  an  ohmic 
component  on  the  pure  SCL  current.  This  type  of  phase  I  behavior 
was  observed  for  a  specimen  with  gold  contacts. 

In  the  pure  SCL  phase  I  domain,  the  current  peak  is  delayed  about 
8.8  ps  from  the  applied  voltage  peak  as  shown  in  Fig.  4.  The 

current  peak  exhibits  a  square  dependence  on  voltage  peak  (V2). 
PMT  data  are  not  yet  available  for  specimens  without  contacts. 

When  the  SCL  dominant  phase  I  leakage  current  reaches  a  certain 
threshold  value,  onset  of  photon  emission  occurs  (point  A  in  Fig. 
1).  From  that  instant,  a  steady  increase  of  current  and  photon 
emission  is  detected  [1],  After  a  certain  time,  a  significant  increase 
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Fig.  2.  Voltage  (2.27  kV  peak)  and  phase  I  ohmic  dominant 
leakage  current  (0.17  A  peak)  for  a  specimen  with  gold 
contacts.  No  time  shift  between  voltage  and  current  peaks. 


Fig.  3.  Voltage  (5.56  kV  peak)  and  phase  I  SCL  dominant  leakage 
current  (0.56  A  peak)  for  a  specimen  with  gold  contacts. 
Time  shift  between  V  and  I  peaks  is  about  4.5  ps. 


Fig.  4.  Voltage  (5.21  kV  peak)  and  phase  I  pure  SCL  leakage 
current  (1.27  A  peak)  for  a  sample  with  plain  end  contacts. 
Time  shift  between  V  and  I  peaks  is  about  8.8  ps. 

of  current  and  photon  emission  occurs  (point  B  in  Fig.  1),  and 
concurrently  an  appreciable  partial  voltage  collapse  is  detected.  The 
process  involving  partial  voltage  collapse  is  defined  as  phase  II 
(interval  marked  II  in  Fig.  1).  Phases  I  and  II  alone,  without 
subsequent  III,  are  observed  only  occasionally  for  specimens  with 
gold  contacts  [1],  However,  for  samples  with  plain  end  contacts,  a 
distinct  phase  II  process  is  observed  over  a  range  of  applied  voltages 
[2],  For  such  specimens,  during  phase  II,  the  current  and  voltage 

are  in  time  phase,  and  the  current  peak  shows  V7-3  dependence 
where  V  represents  the  peak  applied  voltage  in  kV  [2], 


The  final  process  (interval  III  in  Fig.  1  and  defined  as  phase  III)  is 
surface  flashover  and  can  be  identified  with  a  complete  collapse  of 
voltage.  As  can  be  seen  in  Fig.  1,  the  current  and  photon  emission 
peaks  reach  maximum  values  corresponding  to  complete  voltage 
collapse.  Direct  transition  from  phases  I  to  III,  without  the  interme¬ 
diate  phase  II  process,  is  also  observed  [2], 


DISCUSSION 

There  are  four  major  observations  made  in  our  experiment:  leakage 
currents  with  no  or  negligible  photon  emission;  the  onset  of  photon 
emission  at  a  threshold  leakage  current;  partial  voltage  collapse  with 
increased  current  amplitude  and  massive  photon  emission;  and  final 
surface  flashover  process. 

Since  silicon  samples  used  here  are  p-type,  the  ohmic  dominant 
current  is  mainly  due  to  thermally  generated  free  holes.  It  is  reason¬ 
able  to  expect  negligible  or  no  photon  emission  activity  during 
ohmic  conduction  because  of  equilibrium  condition.  In  addition, 
gold  contacts  for  silicon  act  as  ohmic  contacts  for  holes  and  blocking 
contacts  for  electrons  [3].  Therefore,  during  pure  SCL  or  SCL 
dominant  conduction,  only  holes  are  efficiently  injected  from  the 
anode.  One-carrier  SCL  current  generally  has  a  square  dependence 
on  voltage  (V2)  [4],  Since  only  single  carriers  (holes)  are  injected, 
and  no  electrons  are  injected  efficiently  from  the  cathode,  photon 
emission  due  to  indirect  (phonon-assisted)  or  direct  radiative  recom¬ 
binations  is  rarely  detected  using  the  PMT  during  the  SCL  dominant 
leakage  current  flow.  Negligible  photon  emission  is  also  expected 
during  pure  SCL  current  flow.  We  intend  to  verify  the  above 
prediction  in  the  near  future. 

As  discussed  in  the  previous  section,  photon  emission  is  detected 
only  when  the  phase  I  leakage  current  reaches  a  certain  threshold 
value  near  the  applied  voltage  peak.  Since  significant  radiative 
recombinations  are  expected  only  when  there  exist  excess  double 
carriers  (electrons  and  holes),  the  onset  of  photon  emission  implies 
the  onset  of  electron  injection  from  the  cathode.  Since  the  electron 
injection  is  initiated  when  the  leakage  current  reaches  a  certain 
threshold  value  at  or  near  the  voltage  peak,  we  may  say  that  the 
blocking  potential  barrier  for  electrons  at  the  cathode  contact  are 
narrowed  by  accumulated  space  charges  and  also  by  the  applied 
electric  field.  In  other  words,  the  threshold  current  and  the  peak 
applied  voltage  set  the  condition  for  electrons  to  efficiently  tunnel 
through  the  barrier  quantum  mechanically. 

A  continuous  supply  of  carriers  from  the  electrodes  and  the  genera¬ 
tion  of  free  carriers  by  absorption  of  photons  within  the  material  will 
eventually  lead  to  partial  voltage  collapse,  which  is  the  phase  II 
process.  Similar  results  of  the  onset  of  double  injection  and  photon 
emission  are  reported  for  organic  semiconductors  with  dc  [5]  and  ac 
[6]  excitation,  and  the  double  carrier  current  is  proportional  to  Vn, 
where  V  is  the  applied  voltage  and  n  is  a  real  number  which  is 
greater  than  6.  For  our  silicon  sample  with  plain  contacts,  n  is  7.3. 

The  cylindrical  surface  of  the  semiconductor  specimen  where 
surface  flashover  occurs  is  generally  expected  to  have  a  large  density 
of  localized  states  within  the  forbidden  gap.  These  localized  states 
can  act  as  trap  or  recombination  centers.  In  addition,  surfaces  have 
a  higher  probability  of  absorbing  photons  than  the  bulk  because  of 
the  localized  states.  This  high  probability  of  absorption  results  in 
the  transfer  of  energy  from  the  bulk  to  the  surface.  Eventually  the 
density  of  free  carriers  at  the  surface,  generated  by  absorbing 
photons,  will  be  more  than  that  in  the  bulk.  Surface  flashover  is 
believed  to  occur  only  through  a  certain  filamentary  channel  in 
which  there  is  an  efficient  absorption  of  the  photons  emitted  from 
the  bulk  during  double  injection. 


CONCLUSION 

There  are  four  major  observations  in  this  study.  The  first  observa¬ 
tion  concerns  leakage  currents,  which  reveal  three  distinct  charac¬ 
teristics,  depending  on  the  type  of  contact  and  the  experimental 
conditions:  ohmic  dominant,  SCL  dominant,  or  pure  SCL  currents. 
All  of  these  leakage  currents  are  due  to  majority  carriers  (holes). 
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and  no  or  negligible  photon  emission  is  detected  because  only  one 
carrier  is  responsible  for  the  conduction  in  this  phase.  The  second 
observation  is  the  onset  of  photon  emission.  At  a  certain  threshold 
leakage  current  near  the  voltage  peak,  the  onset  of  photon  emission 
takes  place.  Photon  emission  is  indicative  of  two-carrier  conduc¬ 
tion,  implying  that  electrons  are  injected  from  the  cathode  by  quan¬ 
tum  mechanical  tunnelling.  The  threshold  current  also  indicates  that 
a  certain  amount  of  space  charge  accumulation  near  the  cathode  at  or 
near  the  instant  of  voltage  peak  is  necessary  to  initiate  the  electron 
injection.  The  third  observation  is  partial  voltage  collapse  with 
increased  current  amplitude  and  massive  photon  emission,  which  is 
indicative  of  a  well-developed  two-carrier  conduction  process.  The 
final  step  is  surface  flashover.  The  specimen  surface,  characterized 
by  high  density  of  localized  states,  efficiently  absorbs  photons 
emitted  from  the  bulk,  resulting  in  the  generation  of  high  density  of 
carriers  and  leading  to  breakdown. 


ACKNOWLEGEMENT 

This  work  was  sponsored  by  SDIO/IST  and  managed  by  ONR. 


REFERENCES 

1.-  S.H.  Nam  and  T.S.  Sudarshan,  "Effect  of  leakage  current  and 
light  emission  on  surface  flashover  along  silicon  in  vacuum".  To  be 
published  in  the  Proc.  6th  Int.  Sym.  on  High  Voltage  Engineering, 
New  Orleans,  LA,  USA,  Aug.  1989. 

2  -  S.H.  Nam  and  T.S.  Sudarshan,  "Observation  of  three  distinct 
phases  leading  to  pulsed  surface  flashover  along  silicon  in  vacuum", 
Xnith  Int.  Sym.  on  Discharges  and  Electrical  Insulation  in  Vacuum, 
Paris,  France,  1988,  p  527-530. 

3.-  E.H.  Rhoderick,  Metal-semiconductor  contacts.  (Oxford: 
Clarendon  Press,  1978),  Chapter  2. 

4  -  M.A.  Lampert  and  P.  Mark,  Current  Injection  in  Solids.  (New 
York:  Academic  Press,  1970),  Chapter  2. 

5. -  W.  Hwang  and  K.C.  Kao,  "Electroluminescence  in  anthracene 
crystals  caused  by  field-induced  minority  carriers  at  moderate 
temperatures",  J.  Chem.  Phys.  Vol.  58,  3521  (1973) 

6. -  H.P.  Kunkel  and  K.C.  Kao,  "Electroluminescence  in 
anthracene  crystals  under  time-varying  electric  fields",  J.  Phys. 
Chem.  Solids  Vol.  37,  863  (1976) 


364 


